Summary -New morphological, molecular and bionomic data are added to update the description of Bursaphelenchus crenati. The nematode was isolated from larval galleries and adults of the Greater ash bark beetle, Hylesinus crenatus Fabricius, present in bark of older trees of European ash, Fraxinus excelsior L., in Poland. Detailed female and male morphology are documented in this paper and compared with the original description. From ITS1/2, partial 28S D2-D3 and partial 18S sequences, ITS-RFLP patterns and morphological analysis, B. crenati is suggested to be temporarily placed into the sexdentati group, close to B. andrassyi, B. vallesianus, B. sexdentati, B. pinophilus, B. poligraphi, B. fuchsi, B. incurvus, B. piniperdae, and B. pityogeni. However, B. crenati can be distinguished from these species by the strongly ventrally curved body and the presence of three incisures in the lateral fields.
The genus Bursaphelenchus Fuchs, 1937 comprises a group of some 110-120 species (Futai, 2013) of mostly mycetophagous nematodes. All species in the genus are either associated, or presumed to be associated, with insect vectors such as bark and longhorn beetles, weevils, bees and wasps (Ryss et al., 2005) . The economic significance of the pine wood nematode (Bursaphelenchus xylophilus) (Steiner & Buhrer, 1934) Nickle, 1970 and the red ring nematode (B. cocophilus (Cobb, 1919) Baujard, 1989) , the two serious pests of pines and palms, respectively, has recently generated great research interest in the genus. Particularly important for researchers, international wood traders and phytosanitary inspection is the morphological similarity and potential misidentification with many morphologically similar species in this group. Therefore, for reliable taxonomic identification new molecular tools have been developed for use in both research and practice (Burgermeister et al., 2005  During a detailed survey of wood nematodes conducted in Poland since 2000, numerous individuals of a Bursaphelenchus species were frequently isolated from active larval galleries of the Greater ash bark beetle, Hylesinus crenatus Fabricius, (Coleoptera: Scolytinae) developing in European ash, Fraxinus excelsior L. Based on the similar female tail shape, male spicule shape and size, and the same host tree (F. excelsior) and vector insect (H. crenatus), the nematode was identified as B. crenati Rühm, 1956 . This combination of morphological (male and female) and ecological characters is unique to B. crenati and it cannot be confused with any other known species in the genus. However, in the original description of B. crenati provided by Rühm (1956) , detailed information on several other important morphological/anatomical characters used in the contemporary taxonomy of these nematodes is missing. Since type specimens of Rühm's material are not available, and some minor differences were observed between individuals of the presently isolated population and the original description of B. crenati, we undertook a detailed study in order to verify existing, and add missing morphological and molecular data to the species description. The obtained molecular data have also been used for examination of the phylogenetic relationships of B. crenati with other Bursaphelenchus species in order to indicate its present position in the typological grouping currently employed for Bursaphelenchus species.
Materials and methods

ISOLATION AND MORPHOLOGICAL EXAMINATION OF
NEMATODES
The study was conducted on the PL-21 population of B. crenati isolated for the first time in November 2008, and then re-isolated on several occasions in 2009 and 2015. All propagative larval and adult stages of the nematode were collected from larval galleries of the Greater ash bark beetle, H. crenatus, developing in the phloem and bark of trunks in older European ash, F. excelsior. The nematode population under study was collected in the State Forests, Dziewicza Góra, District Łopuchówko, Poland, but morphologically identical individuals were also isolated from H. crenatus-infested ash trees grown in several other localities in Poland, including forest sites around Poznań, Wrocław, Olsztyn and Rzeszów. The bark of H. crenatus-infested ash trees was collected in the forest and stored in plastic bags for up to 4 days at 4°C until further processing. In the laboratory, the bark was chopped into 3-4 cm 2 pieces and subjected to nematode extraction in distilled water on 18 cm diam. nematological sieves with a mesh size of 0.2 mm. The obtained suspension of nematodes was concentrated by sedimentation and washed in distilled water.
In order to confirm a direct relationship of B. crenati with the bark beetle, H. crenatus, as a potential vector, adult beetles collected during their emergence from the bark, and then during colonisation of new trees, were subjected to individual dissection in M9 buffer (Sulston & Hodgkin, 1988) .
After preliminary identification under a compound light microscope, the nematode samples were divided into two parts and separately processed for detailed morphological and molecular analyses. For the morphological analysis, adult nematodes extracted from the bark and dauer juveniles found under the beetle elytra were killed over a flame, fixed in TAF and gradually dehydrated to pure glycerin (Seinhorst, 1959) for subsequent examination in permanent mounts. Morphological observations and all measurements were conducted on a Zeiss Imager Z1 microscope with Differential Interference Contrast (DIC) optics. Micrographs were taken with a Zeiss AxioCam MRm CCD camera. Fifteen randomly taken specimens of each stage (male, female and dauer juvenile) were measured and examined microscopically in detail. Male spicule length was measured along the arc (i.e., curved line from bottom of capitulum depression to distal end) and along the chord (i.e., straight line from condylus tip to distal end).
MOLECULAR ANALYSES
DNA samples were prepared according to Li et al. (2008) . Three sets of primers (synthesised by Invitrogen) were used in the PCR analyses to amplify the partial 18S, ITS1/2 and 28S D2-D3 region of rDNA. Primers for amplification of the 18S region were forward primer K4f and reverse primer K1r (Penas et al., 2006) . Primers for amplification of the ITS1/2 region were forward primer F194 (Ferris et al., 1993) and reverse primer 5368r (Vrain, 1993) . Primers for amplification of the 28S D2-D3 region were forward primer D2A and reverse primer D3Br (De Ley et al., 1999) . PCR conditions were as described by Ye et al. (2007) and Li et al. (2008) . PCR products were separated on 1% agarose gels and visualised by staining with ethidium bromide. PCR products of sufficiently high quality were purified for cloning and sequencing by Invitrogen.
For ITS-RFLP patterns, suitable aliquots of the amplified ITS rDNA were digested for at least 3 h at 37°C using 10 U of each of the five restriction endonucleases (RsaI, HaeIII, MspI, Hinf I and AluI) (Takara) following the manufacturer's instructions. Fragments were resolved by electrophoresis in a 2.5% agarose gel and stained with ethidium bromide.
The sequences of the partial SSU region, full length ITS and partial LSU D2-D3 region of B. crenati were compared with those of other Bursaphelenchus species available in GenBank using the BLAST homology search program. The selected sequences (Table 1) were aligned by MAFFT (Katoh & Standley, 2013) with default parameters, the alignment of sequences being manually edited and assembled in one dataset using MEGA6 (Tamura et al., 2013) . The best fitted model of DNA evolution was obtained using jModelTest2 (Darriba et al., 2012) with the Akaike Information Criterion (AIC) and with the TIM2 + I + G model selected for partial SSU region partition, GTR + I + G model for partial LSU D2-D3 region partition, and TIM1 + I + G model for full length ITS partition. BI analyses were performed under a general time reversible of invariable sites and a gamma shaped distribution (GTR + I + G). The concatenated tree topology for rDNA genes was confirmed using MrBayes 3.2.3 (Ronquist & Huelsenbeck, 2003) with four chains (three heated and one cold). Model parameters were unlinked and the overall rate was allowed to vary across partitions. The number of generations for the total analysis was set to 1 × 10 7 , with the chain sampled every 1000 generations; the burn-in value was 25%. The Markov chain Monte Carlo (MCMC) method within a Bayesian framework was 
used to estimate the posterior probabilities of the phylogenetic trees using a 50% majority rule (Larget & Simon, 1999) . The consensus trees were selected to represent the phylogenetic relationships with branch length and support level and visualised using TreeGraph 2 (Stöver & Müller, 2010) . Table 2 .
Results
Bursaphelenchus crenati Rühm, 1956
= Aphelenchoides (Bursaphelenchus) crenati Rühm, 1956 (Figs 1-3) MEASUREMENTS See
DESCRIPTION
Male
Body cylindrical, tapering at both ends, J-or C-shaped when heat-killed. Cuticle with fine annulations, width 0.4-0.6 μm. Lateral field with three incisures. Lip region rounded offset. Stylet 10-12 μm with small basal swellings, conus forming ca 35-40% of total stylet. Procorpus cylindrical. Median bulb oval with centrally placed valves. Dorsal pharyngeal gland orifice opening into lumen of metacorpus ca one metacorpal valve length anterior to metacorpal valve. Nerve ring located 4-5 μm posterior to median bulb. Pharyngo-intestinal junction ca more than one metacorpal valve length posterior to median bulb. Pharyngeal gland lobe ca 3-5 body diam. long, overlapping intestine dorsally. Excretory pore situated at level of median bulb (with slight variation, slightly anterior or posterior to median bulb). Hemizonid ca 2-3 body diam. length posterior to median bulb. Gonad outstretched, anterior end reflexed in most individuals. Sperm amoeboid. Spermatocytes arranged in single or double rows in anterior and posterior region of gonad. Posterior fourth of total gonad forming a vas deferens composed of flattened cells, and often containing several well developed sperm. Tail arcuate, ca 2.1-2.6 times longer than anal body diam. Cloacal aperture distinct with protruding lips. Spicules paired, relatively slim and ventrally arcuate, measuring 13-18 μm along arc, with a pointed prominent rostrum ca 3-4 μm long in proximal part of spicules. Capitulum 7-9 μm long, flat or slightly concave, almost parallel to shaft axis. Condylus compact, ca 2 μm long, short but distinct with bluntly rounded or squared tip. Calomuslamina complex widest at posterior end of rostrum, calomus and lamina smoothly tapering to distal tip. Distal ends of spicules without cucullus or cucullus-like thickening. Seven caudal papillae present comprising a single precloacal midventral papilla (P1) 3-4 μm anterior to cloacal aperture, an adcloacal ventrolateral pair, sometimes slightly posterior to cloacal aperture (P2), and two postcloacal subventral pairs of caudal papillae, one such pair (P4) at beginning of bursa, other pair (P3) ca 3-4 μm anterior to P4 and more lateroventral. Papillae P3 and P4 of different structure, with P4 resembling 'gland papillae'. Bursal flap small, started anterior to P4, oblong with rounded corners, and slightly protruding at distal end in ventral view.
Female
Body C-shaped when heat-killed. Anterior region similar to male. Gonad single outstretched, 665-889 μm long, occupying ca two-thirds of body length, consisting of ovary, oviduct, axial spermatheca, crustaformeria, uterus, vagina and post-uterine sac. Developing oocytes arranged in multiple files. Spermatheca usually oblong, 20-40 μm from vulva, containing amoeboid sperm 4-5 μm diam. Crustaformeria not conspicuous, formed of rounded cells, distinguished from other parts by its texture, appearing somewhat glandular. Uterus short with a thick wall. Vulva located at ca 77% of body length. Vagina slightly inclined anteriorly. Anterior vulval lip slightly extending over vulva (= 'vulval flap'), posterior vulval lip distinctly swollen. Post-uterine sac ca 4-5 body diam. long or comprising ca 60-72% of vulva to anus distance, sometimes containing sperm. Anus present, indistinct, anal lips not protruding. Tail 3.4-4.1 anal body diam. long, conical, smoothly tapering and slightly ventrally bent, forming a blunt or sharply pointed terminus.
Dauer juvenile
Dauer juveniles found on body surface of pupae and under elytra of young adults H. crenatus. Lip region high, dome-shaped, only slightly offset. Stylet not visible. Median bulb oval, 11-12 μm long and 5-8 μm wide, often narrowing in posterior part, apparently non-functional. Excretory pore at level of median bulb or somewhat anterior. Gonadal/genital primordia not visible. In most individuals internal organs partially obscured by granular body contents. Tail conical, narrowly rounded to pointed at tip. 
HABITAT AND LOCALITY
The nematodes were repeatedly isolated from larval galleries and adults of the Greater ash bark beetle, H. crenatus, present in the bark on trunks of older trees of the European ash, F. excelsior. They could not be found in branches of the same trees that were usually infested with another ash bark beetle, H. varius Fabricius. The population under study was collected in the State Forests, Dziewicza Góra, District Łopuchówko, Poland (GPS: 52°50 20 N, 17°00 35 E), although morphologically identical individuals were also isolated from H. crenatus-infested ash trees growing in several other localities in Poland, including such geographically distant forest areas as those around Poznań, Wrocław, Olsztyn and Rzeszów.
VOUCHER MATERIAL
Fifteen permanent slides with ten individuals each of males (slides MT/PL21: 01-06), females (slides MT/ PL21: 07-12), and dauer juveniles (slides MT/PL21: 13-15) isolated from F. excelsior deposited in the nematode collection of the Institute of Plant Protection, Poznań, Poland, and the Technical Centre of Ningbo Entry-Exit Inspection and Quarantine Bureau (slide PL01-PL05).
Bursaphelenchus crenati was originally collected by Rühm in the Munich region, Germany, a locality ca 600 km from Dziewicza Góra, Poland. Rühm (1956) did not designate or retain type material of any of his species and therefore B. crenati has no extant types. Although we are sure that our material is conspecific with that of Rühm (1956) , we refrain from designating a neotype primarily because of the large distance between our collection and the German locality from which the species was originally obtained. This is in accordance with the requirements of Article 75 of the International Code of Zoological Nomenclature (http://www.iczn.org/ iczn/index.jsp; accessed 6 February, 2017).
COMPARISON WITH ORIGINAL DESCRIPTION
The general morphology was as described for B. crenati. However, three pairs (one precloacal and two postcloacal pairs) of caudal papillae were described in the original description although we observed a total of seven 13.3 ± 2.8 12.1 ± 1.3 7.4 ± 0.4 (11.4-16.5) (9.7-14.0) (6.7-7.9) b 8.9 ± 0.9 6.9 ± 0.7 -(7.3-9.9) (5.6-7.7) c 29.5 ± 3.5 27.8 ± 2. 10.3 ± 0.5 12.2 ± 0.9 7.0 ± 0.3 (9.6-11.1) (10.5-13.7) (6.6-7.5) caudal papillae. Caudal papillae are usually difficult to identify in Bursaphelenchus, and it is likely that the original observation by Rühm (1956) either missed or failed to record the presence of the single precloacal midventral papilla. Moreover, several morphometric characters recorded in our research were also out of the range reported in the original description, i.e., male c = 27.8 (22.5-32.3) vs 29.5-41.6, male max. body diam. = 13.4 (11.5-15.5) vs 21 μm, and V = 77.1 (74.8-78.3) vs 71.6-74.5. We assume that this variation is due to the different isolates coming from geographically distant areas. We found three incisures to be present in the lateral fields, important information entirely lacking from the original description.
DIAGNOSIS AND RELATIONSHIPS
Bursaphelenchus crenati is characterised by a relatively small stylet with basal swellings, a lateral field with three lines, and the excretory pore located at the level of median bulb. The female has a very small extension of the anterior vulval lip over the vulva (= a 'vulval flap'), and a conical and slightly ventrally bent tail with a blunt or sharply pointed terminus. The male spicules are strongly ventrally arcuate, have a prominent pointed rostrum and short condylus and lack a distinct cucullus.
All known species of the sexdentati group have four lateral lines whereas in B. crenati only three lines were observed. However, based on spicule shape, the presence of a very small 'vulval flap', the position of the caudal papillae, and phylogenetic analysis, B. crenati is clearly affiliated to the sexdentati group (sensu Braasch et al., 2009) 
within Bursaphelenchus.
This group also includes B. andrassyi Dayi, Calin, Akbulut, Gu, Schröder, Vieira & Braasch, 2014; B. vallesianus Braasch, Schönfeld, Polomski & Burgermeister, 2004; B. sexdentati Rühm, 1960; B. pinophilus Brzeski & Baujard, 1997; B. poligraphi Fuchs, 1937; B. fuchsi Kruglik & Eroshenko, 2004 ; and probably also B. incurvus Rühm, 1956; B. piniperdae Fuchs, 1937, and B. pityogeni Massey, 1974 . Morphological differentiation of species within the sexdentati group is difficult.
Because of the conical female tail, B. crenati can be distinguished from B. sexdentati, B. andrassyi, B. incurvus and B. piniperdae as all the latter species have a subcylindrical or cylindrical tail with rounded or slightly pointed terminus. Bursaphelenchus crenati can be also distinguished from B. sexdentati by spicule length of 16 (14-18) vs 20 (19-22) μm, and V = 77.1 (75-78) vs 73-75; from B. andrassyi by spicule length of 16 (14-18) vs 14 (11-14) μm, and their shape (slim vs stout, no distinct cucullus vs small cucullus); and from B. incurvus by spicule shape (rostrum proximal vs at mid-spicule level) and V = 77.1 (75-78) vs 73-74.
In the conical female tail B. crenati is similar to B. vallesianus, B. pinophilus, B. poligraphi, B. pityogeni and B. fuchsi. It can be distinguished from: B. vallesianus by longer gonads (occupying more than 50% vs 25-50% body length), male spicule cucullus absent vs small and indistinct, and female tail terminus blunt or sharply pointed vs more or less rounded or finely rounded; from B. pinophilus by female tail terminus blunt or sharply pointed vs with a more or less pronounced mucron, and male spicule cucullus absent vs small; from B. poligraphi by spicule shape (middle region slim vs stout, condylus short and thin vs long and thick, capitulum flat or slightly concave vs smoothly depressed in middle region); from B. pityogeni by a = 40-63 vs 30-31 (both sexes), V = 77.1 (74.8-78.3) vs 73, stylet length (10-14 vs 14-15 μm) and spicule shape (capitulum flat or slightly concave vs smoothly curved); and from B. fuchsi by shorter stylet in both sexes of 10-14 vs 16-19 μm, shorter spicules, as measured along the chord, of 16.8 (13.8-18.1) vs 20 (18-22) μm, and male spicule cucullus lacking vs small. Bursaphelenchus pityogeni was originally described as having two lateral lines and was therefore not listed in the sexdentati group (sensu Braasch et al., 2009 ), but four lateral lines were later observed and it was moved from the abietinus group to the sexdentati group (Dayi et al., 2014) .
Finally, when killed by heat, both males and females of B. crenati are strongly ventrally curved and have only three lateral lines, unique amongst species of the sexdentati group.
MOLECULAR PROFILES AND PHYLOGENETIC STATUS
Amplification of the ITS1/2 region of B. crenati resulted in a PCR product of 1012 bp. The patterns of restriction fragments obtained by digestion of the PCR product with RsaI, HaeIII, MspI, Hinf I and AluI (Fig. 4 ; Table 3 ) were different from the ITS-RFLP patterns of 44 other Bursaphelenchus species obtained using the same primers for amplification and the same set of restriction enzymes .
The partial SSU region, the full ITS1/2 and the partial D2-D3 LSU region sequences of the presently examined species are deposited in GenBank with the accession numbers KU683736 (1700 bp), KU683738 (1012 bp) and KU683737 (739 bp), respectively. A total number of 82 aphelenchid taxa were selected to reconstruct the phylogenetic tree using Aphelenchoides besseyi as outgroup. The concatenated dataset was composed of 4587 total characters (1763 characters for partial SSU region, 1935 characters for full length of ITS and 889 characters for partial D2-D3 LSU region) after aligning and manually editing.
In the phylogenetic concatenated tree (Fig. 5) 
Discussion
Since the middle of the 20th century, new species of Bursaphelenchus have been almost continuously described from Europe, Asia and North America. Due to the limited range of taxonomic methods available at that time, most of the older species are based only on morphological/anatomical characters. Current taxonomic practice includes molecular analysis as a reliable tool supporting species identification in this group. Thus, starting from the beginning of this century, descriptions of all new species include both morphological and molecular data (ITS-RLFP, sequencing). Many of the older European and Asiatic species have been re-isolated and their molecular characteristics are now available in the literature (Burgermeister et al., 2005 ). Most of the American (Massey, 1974) and some older, relatively common European Bursaphelenchus species (many described by Rühm, 1956 ), including B. crenati, have yet to be molecularly examined and require further attention.
The original description of B. crenati presented by Rühm (1956) consists of a relatively brief characterisation of the nematode morphology and ecology. It includes also a set of detailed drawings of major morphological characters of male, female and dauer juveniles. Although the specimens used by Rühm were collected in Munich, Germany, which is located ca 600 km from Dziewicza Góra, Poland, and the type material was not available for our study, we found the information included in the original description sufficient to allow us to consider the nematodes collected in Poland as being conspecific with B. crenati. Besides the population from Dziewicza Góra, which was examined in detail in our study, we have also isolated this nematode from ash bark samples collected in several other locations in Poland, including forests around Rzeszów, which is located over 500 km from Dziewicza Góra. The nematode dispersal is apparently related to the wide, continuous geographic distribution of both the host tree (F. excelsior) and vector insect (H. crenatus) in Europe.
The research reported here provides new information on the morphology, anatomy, and bionomics of B. crenati and on its phylogenetic relationship within Bursaphelenchus. This nematode is similar to species of the sexdentati group by the spicule shape, presence of a very small vulval flap, and position of the caudal papillae. However, it is unique among all known species of this group by having three as opposed to four incisures. In addition, phylogenetic analysis confirmed the special position of B. crenati among other members of the sexdentati group showing that all species of the sexdentati group are clustered together while B. crenati is well separated. Since the number of lateral lines has been suggested as an important character for grouping species within Bursaphelenchus , it is probable that with the description of similar species, B. crenati will be placed in a new phylogenetic group very closely related to the sexdentati group.
In earlier research, Ryss et al. (2005) , based on the morphology of spicules, assigned B. crenati to the xylophilus group. However, within this group B. crenati would also be unique with respect to several morphological characters, such as the small length of the female vulval flap, differences in overall shape of the spicules, and the lack of a cucullus. The molecular data obtained in our research clearly indicated against such a grouping. Elucidation of these relationships seems likely to be particularly impor- Posterior probability values exceeding 50% are given on appropriate clades. tant for phytosanitary practice. Because of the quarantine status of B. xylophilus, all species in the xylophilus group found in inspected wood are routinely subjected to taxonomic identification, both at the morphological and molecular levels in order to ensure an accurate diagnosis of this quarantine pest. When the morphological characters reported herein are considered, B. crenati can be reliably excluded from the xylophilus group, and thus removed from the time-consuming and costly process of molecular identification.
Wood-inhabiting nematodes in Bursaphelenchus are usually transported to new breeding trees with the aid of insect vectors (Rühm, 1956; Massey, 1974) , although alternative means of transmission by direct contact with infected wood particles and roots or in/on rhizomorphs of tree-pathogenic fungi have been also suggested in the literature (Halik & Bergdahl, 1992; Tomalak, 2017) . In our study, B. crenati was found associated exclusively with trunks of older F. excelsior infested with H. crenatus. These findings confirm earlier observations made by Rühm (1956) . Interestingly, this nematode could not be detected in the branches of the same ash trees which were infested with a closely related ash bark beetle, H. varius. This would suggest a highly specific association of the nematode with its vector, H. crenatus. All propagative stages of B. crenati live in the frass of the vector beetle's larval galleries and feed on fungi present in this environment. Dauer juveniles load to the insects during the latter's pupation phase and remain under the elytra of adults until they colonise new trees. It is probable that the difference in fungal composition introduced to the bark by each ash beetle species could be responsible for making this association so specific. Our earlier studies have revealed that B. trypophloei and B. masseyi developed specifically on fungi introduced to the bark of poplar by bark beetles which also served as exclusive vectors of these nematodes (Tomalak & Filipiak, 2011; Tomalak et al., 2013) . However, further research is needed to elucidate the basis of the observed specificity.
